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ABSTRACT: Acute myeloid leukemia (AML) is a malignant disorder of
hematopoietic progenitor cells with a poor prognosis of 26% of patients
surviving 5 years after diagnosis. Poor bioavailability and solubility are
significant factors limiting the efficacy of chemopreventive agents. In AML,
the epigenetic regulator polycomb group of protein member EZH2 is
highly expressed and is essential for the survival of leukemic cells. An
EZH2-specific inhibitor, EPZ011989, encapsulated in human serum
albumin nanoparticles (HSANPs) was synthesized for the first time via
the desolvation method. The noncovalent interactions between
EPZ011989 and HSANPs in nanocomposites facilitating the efficient
loading and sustainable release of the drug showed enhanced cellular
uptake and nuclear localization of EPZ011989-loaded HSANPs in human
AML cell lines. The reduction of cell viability, colony formation inhibition,
cell cycle arrest at the G2/M phase, and cell proliferation assay promoting apoptosis through the loss of mitochondrial
homeostasis exerting antileukemic activity were evident. The real-time polymerase chain reaction (PCR) and western blot-based
studies showed that the present nanoformulation reduces the level of PcG proteins, including EZH2, BMI-1, etc. This
downregulation is associated with reduced H3K27me3 and H2AK119ub modifications conferring chromatin compaction. The
immunoprecipitation study showed the physical interaction of EZH2 and c-Myb can be linked to the regulation of
leukemogenesis. Further investigation revealed the mechanism of EZH2 and c-Myb downregulation via ubiquitination and
proteasomal degradation pathway, confirmed by using proteasome inhibitor, suggesting the key role of proteasomal degradation
machinery. Moreover, c-Myb interacted with the EZH2 promoter, which is evident by the chromatin immunoprecipitation assay
and siRNA silencing. Furthermore, the formulation of EPZ011989 in HSANPs improved its biodistribution in vivo and showed
excellent aqueous dispersibility and biocompatibility. In vivo studies further showed that EPZ011989-loaded HSANPs reduce
the expression of CD11b+ and CD45+ markers in immunophenotyping from peripheral blood and bone marrow in engrafted
nude mice. Targeted depletion of EZH2 alleviated the disease progression in nude mice and prolonged their survival. The
findings provide valuable experimental evidence for the targeted epigenetic therapy of AML. The present results demonstrate an
epigenetic regulation-based superior antileukemic therapy.
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1. INTRODUCTION

Acute myeloid leukemia (AML) is a highly complex and
heterogeneous disorder arising from multiple and dynamic
mutations in the primitive hematopoietic stem or progenitor
cells.1,2 The underlying dynamic cytogenetic abnormality leads
to immature and abnormal differentiation of myeloid effector
cells.3 These abnormalities lead to bone marrow failure and
other systemic consequences that are a prerequisite to early
prognosis and treatments.4−6 The risk of AML occurrence is
predominating in old age, with an incidence rate of nearly 14 per
100 000.7,8

The use of immunotherapeutic agents and targeting of
biochemical pathways have not substantially evolved AML
therapy and limits the five-year overall survival to 26% of the
afflicted population.9−11 Mutational landscape and genomic
instability studies revealed the involvement of essential

epigenetic regulation mechanisms in the early pathogenesis of
AML.12 These genetic and epigenetic alterations perturb the key
processes of proliferation, differentiation, apoptosis, and gene
transcription, resulting in leukemogenesis. The essential
epigenetic systems involved in heritable repression of gene
activity are the polycomb group (PcG) proteins, which play a
vital role in the initiation and maintenance of gene silencing
through histone modifications.13,14 PcG proteins belong to two
major complexes, polycomb repressive complexes 1 and 2
(PRC1 and PRC2). The histone methyltransferase enhancer of
zeste homologue 2 (EZH2), a methyltransferase component of
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PRC2, controls the equilibrium between self-renewal and
differentiation in hematopoiesis. It deposits the histone mark
H3K27me3, which promotes transcriptional repression and cell
cycle regulation.15 During epigenetic gene silencing, PRC2
trimethylates histone H3 at lysine 27 and recruits members of
PRC1 having E3 ligase activity for monoubiquitination of
histone H2A at lysine 119, which results in transcriptional
repression of tumor suppressor genes. The overexpression of
EZH2 is already linked with the development of acute myeloid
leukemia, which makes EZH2 a favorite target in epigenetic
cancer therapeutic.16,17 Pharmacological targeting of EZH2
could be a newer therapy in cancer, but the least knowledge of
the underlying mechanisms of EZH2 regulation and posttransla-
tional modifications make this approach challenging.18 The
attachment of multiple ubiquitin molecules covalently and
associated 26S proteasome-directed degradation of the proteins
is one of the key regulatory processes.19

The transcription factor c-Myb plays a crucial role in the
hematopoiesis process,20 and its overexpression is implicated in
the development of leukemia. Thus, themechanism regulating c-
Myb expression could emerge as a potential therapeutic strategy
for controlling AML.21

The present standard therapeutic modalities of AML,
including chemotherapy, bone marrow/stem cell transplanta-
tion, targeted therapy, and radiation therapy, suffer from
nonspecific targeting, limited efficacy, the complexity of the
procedures, less bioavailability of the chemotherapeutic drug,
and adverse side effects.22

Targeted nanomedicines are recently developing into a
master class approach to overcome such therapeutic limitations.
Also, the epigenetic modifications are reversible in function,
which provides us a window to use targeted nanomedicine using
specific inhibitors of histone-modifying proteins or proteins
driving and maintaining DNA methylation in the cell.22

Therefore, targeting EZH2 is the most appropriate novel
approach that can be considered for a new generation of AML
therapy.
The drug EPZ011989 (N((4,6-dimethyl-2-oxo-1,2-dihydro-

pyridin-3-yl)methyl)3-(ethyl ((trans)4-(2-methoxyethyl)-

(methyl)amino)cyclohexyl)-amino)-2-methyl-5-(3-morpholi-
noprop-1-yn-1-yl) benzamide is a potential inhibitor of EZH2,
with considerable inhibitory potential compared to EPZ 6438,
EPZ005687, and GSK-126 but is associated with poor solubility
and less bioavailability.23 The protein nanoparticle-based
nanoformulation of EPZ011989 can overcome these limitations
and improve its efficacy with enhanced regulation of PcG in
AML. The abundant plasma protein human serum albumin
(HSA) transports different key biomolecules across different
visceral sites inside the human body. HSA-based nanocarriers
demonstrated high drug loading and binding capability,24

excellent distribution, non-immunogenicity, and biodegrad-
ability, whichmake it a material of choice for using as a matrix for
drug encapsulation and therapeutic use.25,26 In the previous
reports, the HSANPs have been used for delivery of
doxorubicin,27 co-delivery of pirarubicin with paclitaxel,28 and
delivery of noscapine with enhanced drug efficacy.29

In present work, EPZ011989 is being formulated in HSANPs
for the first time for effective epigenetic suppression that could
lead to successful AML therapy. Moreover, EPZ011989-loaded
HSANPs with important physicochemical characteristics,
controlled drug release, enhanced AML cell uptake, and G2/
M phase cell cycle arrest were positively associated with the
enhanced inhibition of EZH2 expression and antileukemic
activity in the U937 AML cell line. This nanoformulation-
mediated suppression of the leukemic cell proliferation,
induction of apoptosis, and mitochondrial damage leading to
overexpression of caspase 3 are suspected as the underlying
mechanisms of the anticancerous action. The detailed molecular
investigation showed that targeting of EZH2 expression was
associated with increased ubiquitination, which is reversed upon
cellular proteasomal inhibition (Scheme 1). Moreover, the role
of another target, c-Myb, is investigated as a direct modulator of
EZH2, which binds to a specific promoter region and also
interacts at the protein level, and siRNA-based silencing of c-
Myb reduces these interactions. EPZ011989-loaded HSANPs
with negligible nonspecific systemic toxicity and considerable
circulation time demonstrated superior anti-AML efficacy on the
in vivo AML xenograft model. Thus, this strategic nanostructure

Scheme 1. Schematic Representing the Mechanism of EPZ011989-Loaded HSA Nanoparticle that Allows Transcription of
Tumor Suppressor gene EZH2 Deactivation by the Proteasome-Mediated Pathway
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exhibiting anticancerous activity via epigenetic inhibition may
potentially contribute to the development of novel epigenetic
regulation-based antileukemic therapeutics.

2. EXPERIMENTAL SECTION
2.1. Materials. Human serum albumin (HSA, A2153,

Reliance Life Sciences), glutaraldehyde 25% w/v solution
(RM5927), MTT dye (TC191), PI (TC252), streptomycin−
penicillin solution (A018), RPMI 1640 (AL162S), fetal bovine
serum (FBS; RM9955), and trypsin-EDTA were purchased
from Himedia; dialysis membrane 12 kD (D6191) and ethanol
were purchased from Merck (1.00983.0511); and mannitol
(M4125) was purchased from Sigma-Aldrich. The Annexin
Cy3/CFDU kit (Sigma), JC-1 cyanine dyes (Abcam), and DAPI
(Himedia) were used. All antibodies were purchased from either
Cell Signaling Technology (Danvers, MA) or Santa Cruz
Biotechnology (Santa Cruz, CA).
2.2. EPZ011989-Loaded HSANP Preparation. The

placebo HSA nanoparticles were prepared following the
desolvation method. Briefly, ethanol (90%) was added dropwise
under constant magnetic stirring conditions in the homogenous
solution of HSA at pH 8.2. The EPZ011989-loaded HSANPs
were prepared by dropwise addition of the EPZ011989 into the
2% homogenous HSA solution in the mass ratio of 1:6. Both
placebo HSANP and EPZ011989-loaded HSANP solutions
were added with 8% glutaraldehyde solution (1.175 μL/mg of
protein) and left for magnetic stirring for 24 h. Following three
consecutive washing cycles with Milli-Q water using centrifu-
gation at 35 000g, the purified placebo HSANP and
EPZ011989-loaded nanoparticles were recovered and lyophi-
lized.
2.3. EPZ011989 Loading Efficiency and Encapsulation

Efficiency. The effective loading of EPZ011989 was estimated
following the indirect method by accurately measuring the drug
remained in the supernatant of the reaction mixture. The high-
performance liquid chromatography system (HPLC, Waters
technology) was used for the measurement using a photodiode
array detector. The autosampler was used to inject 20 μL of the
sample in the C18 column (water Spherisorb, 250 × 4.6 mm2, 5
μm). The acetonitrile/distilled water (95/5% v/v) solution was
used as a mobile phase, with a flow rate of 1.5 mL/min and a
detection wavelength of 303 nm. The retention time of
EPZ011989 was 14.32 ± 0.38 min observed based on the
integrated peak area from the calibration curve of EPZ011989
(R2 = 0.992) at concentrations varying from 0.2 to 0.6 mg/mL.
The drug loading and drug entrapment efficiency were
calculated using the following formula

=
−

×

drug EE (%)
amount of the drug added amount of the drug in the supernatant

amount of drug added

100

=
−

×

drug loading (%)
amount of the drug added amount of the drug in the supernatant

weight of nanoparticles

100

2.4. Characterization of HSANPs and EPZ011989-
loaded HSANPs. A particle size analyzer (Malvern. Inc.) was
used to measure the hydrodynamic diameter and the ζ-potential
of the HSANPs and EPZ011989-loaded HSANPs. Trans-
mission electron microscopy (TEM) images were obtained on

JSM 2100 operated at 120 kV. Field emission scanning electron
microscopy (FESEM) samples were prepared by drop-casting
them on a silicon wafer, air-dried, and sputtered with a thin layer
of gold before imaging. The atomic force microscopy (AFM)
imaging was performed on Bruker Multimode 8 using a silicon
nitrite tip in tapping mode on the diluted sample on the silicon
wafer. The circular dichroism (CD) spectra were recorded on
the JASCO J-1500 spectrophotometer (Easton, MD) using
demountable cells (0.1 mm path length, Hellma). The UV−vis
absorbance spectra for studying the EPZ011989 interaction with
HSA were collected using a UV−vis spectrophotometer. The
Fourier transform infrared (FTIR) spectra were recorded on a
Cary Agilent 660 IR spectrophotometer, with 256 scans 4 cm−1

resolution in the range of 400−4000 cm−1. X-ray diffractograms
(XRD) of the nanoformulation were recorded on a Bruker
powder D8 X-ray diffractometer with a scan rate of 0.2 scans per
minute at 2θ values of 2−80°. Microtiter plate reader BioTek
Synergy 2, Finland, was used for recording the absorbance and
steady-state fluorescence spectra of HSA, HSANP, and
EPZ011989-loaded HSANPs. In silico docking studies were
performed using iGEMDOCKv2.1.30 The PDB crystal structure
of HSA (PDB ID: 1AO6) and the ligand three-dimensional
(3D) structures were prepared using ChemDraw Ultra 14.0
software (Cambridge Soft, Cambridge, MA). Differential
scanning calorimetry (DSC, PerkinElmer, DCS8000) was used
for estimating the stability of the nanoformulation.

2.5. In Vitro Drug Release, Nanoformulation Solubil-
ity, and Stability Analysis. The in vitro drug (EPZ011989)
release studies were performed using HSA as a receiver phase in
20% ethanolic solution of phosphate buffer saline (20 mL,
phosphate-buffered solution (PBS), pH 7.4) and using the
dialysis membrane (MWCO 12 kDa) method for 1 mg of the
nanoformulation taking in triplicates at 37 °C under magnetic
stirring at 150 rpm. HSA was used in the receiver phase, and the
free drug and nanoformulation with ethanol solvent were used in
the donor phase. Then, 1 mL of the sink buffer aliquot at a
different time point was replenished with equivalent fresh buffer.
The diluted solution of these aliquots was analyzed using HPLC.
The drug solubility study was performed in PBS, considering 0.5
mg/mL EPZ011989 and an equivalent amount of EPZ011989-
loaded HSANPs, respectively. The UV−vis spectrum of the
aliquot was collected intermittently. The nanoformulation
stability study was performed mimicking the different
physiological conditions of Dulbecco’s modified Eagle’s
medium (DMEM) and DMEM + 10% FBS for EPZ011989-
loaded HSANPs and placebo HSANPs, and the variation in
particle diameter and ζ-potential was analyzed using a particle
size analyzer.

2.6. Cell Culture. U937 (myeloid lymphocytic cells) and
HL60 (promyeloblast) from human origin acute myeloid
leukemia cells and HEK293T were procured from the Curator,
cell repository, National Center of Cell Science, Pune, India, and
maintained in the cell culture medium RPMI 1640 supple-
mented with 10% FBS and 1% antibiotic solution at 37 °C under
5% CO2 in an incubator.

2.7. Cell Cytotoxicity, Cellular Uptake, Cell Cycle
Arrest, Apoptosis, and Mitochondrial Transmembrane
Potential (ΔΨm) Studies.The cellular toxicity of the prepared
nanoformulation, drug, and placebo nanoparticles was assayed
on U937, HL60, and HEK293T cells (1 × 104 cells/well) at
varying treatment concentrations, and the viability was
measured using the MTT reagent, by taking absorbance at
570 nm. The rhodamine-B-tagged placebo HSANPs and
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EPZ011989-loaded HSANPs were exposed to U937 cells (5 ×
103 cells) at a concentration of 25 μg/mL for 4 h. The cells were
collected, mounted on a slide, and imaged under a confocal laser
scanning microscope (LSM880, Zeiss Ltd). For DNA content-
based cell cycle analysis, the U937 cells were first synchronized
before treatment. To synchronize the cell cultures, U937 cells
were seeded in the growth medium with 10% FBS overnight.
Following washing with PBS, these cells were cultured in serum-
free medium.31 After serum starvation for 24−48 h, these cells
were treated with EPZ011989-loaded HSANPs, placebo
HSANPs, and EPZ011989 for the next 72 h in complete
medium with 10% FBS, which is proceeded with the cell cycle
measurement using multiple assays. These cells were fixed with
ethanol, treated with RNAse-A, stained with propidium iodide
(PI, 10 μg/mL), acquired on a flow cytometry system (BD
FACS, Aria III) for cell cycle, analyzed, and plotted on Flowjo
software (v10). Further, U937 cells were treated and separately
processed for JC-1 (10 μg/mL) staining and directly processed
for FACS acquisition. The U937 cells (1 × 105) were treated
with EPZ011989-loaded HSANPs, placebo HSANPs, and
EPZ011989 for 72 h and processed for Annexin V-Cy3 and 6-
carboxyfluorescein (6-CFDA) (APOAC, apoptosis detection
kit, Sigma-Aldrich) staining following the manufacturer
protocol.
2.8. Bromodeoxyuridine (BrdU) Incorporation-Based

Active S phase Measurement. The U937 cells (1 × 106)
were treated with placebo HSANPs, EPZ011989, and
EPZ011989-loaded HSANPs for 72 h and exposed to
bromodeoxyuridine (BrdU, 10 μM) for 2 additional hours of
incubation following an earlier reported protocol. The cells were
fixed using 1 mL of absolute ethanol (4 °C for 1 h), collected
using centrifugation (4000 rpm, 4 °C, 10 min), and incubated
with 0.5 mL, 2 N HCl/0.5% Triton X-100 for 30 min at room
temperature. The cells were neutralized with 1 mL of 100 mM
tetraborate buffer, washed with PBS/1% BSA, and incubated
with anti-BrdU primary antibody (1:500, cat no. 317902
BioLegends Ltd.) for 1 h at RT. The cells were washed two
times with a washing solution (PBS/1% BSA/0.3% Tween-20).
The cells were incubated with the FITC-tagged IgG secondary
antibody for 1 h. The collected cells were resuspended in the
buffer containing 10 μg/mL RNAse-A and 20 μg/mL PI,
incubated for 30 min, and processed for FACS acquisition.
2.9. Colony Formation Assay. The two-layer technique

was used for the colony formation assay in which the first layer
consists of 1% agar base layer and the second layer contains
U937 cells in 0.5% agar. Briefly, equal volumes of the base agar
containing 1% agar along with 2× RPMI containing 20% FBS
were mixed to obtain 0.5% agar and 1× RPMI with 10% FBS.
The cells were treated with placebo HSANPs, EPZ011989, and
EPZ011989-loaded HSANPs for 72 h, and 1000 cells were
mixed with 1.5 mL of 0.5% agar and added over the base agar
layer in 6-well plates. These plates were incubated for 14 days at
37 °C and 5% CO2, and formed colonies were intermittently
observed using an inverted microscope and stained with 0.1%
crystal violet solution to visualize the generated colonies. The
colony forming efficiency (CE) was calculated by the number of
colonies in the treated sample and divided by the number of cells
added to each plate.
2.10. Real-Time Quantitative PCR (qPCR) Analyses.

Total RNA from U937 cells (1 × 107) treated with placebo
HSANPs, EPZ011989, and EPZ011989-loaded HSANPs was
isolated using the PureLink RNAmini isolation kit (12183018A,
Applied Biosystem). The cDNA was prepared with reverse

transcription (RT-PCR) using a high-capacity cDNA reverse
transcription kit (cat-4368813, Applied Biosystem) following
the kit protocol. Then, 100 ng of the cDNA template and 300 ng
of the primers were used in 20 μL of the reaction volume for real-
time PCR cycles. The primer sequence for specific gene targets
EZH2 and BMI-1 is provided in Supporting Information Table
S2. The qPCR reaction was performed on a thermal cycler
(Quant Studio 3, real-time PCR instrument, A28132, Applied
Biosystems) with an initial step at 50 °C for 2min followed by 40
cycles of 95 °C for 15 s and then 60 °C for 1 min. The Ct, Δ-
ΔCt, and the fold change for each gene were calculated based on
the relative threshold values against the indigenous GAPDH
control. All of the experiments were performed in independent
triplicate, statistically analyzed, and represented.

2.11. Western Blot and Immunoprecipitation Assay.
The U937 cells were treated with placebo HSANPs,
EPZ011989, and EPZ011989-loaded HSANPs for 72 h, and
whole-cell protein lysates were prepared in radioimmunopreci-
pitation (RIPA) buffer. Following Bradford quantitation, 25 μg/
mL protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred
to poly(vinylidene fluoride) (PVDF) membranes, blocked with
5% BSA, and probed with respective primary antibodies anti-
BMI-1 (SC-390443), anti-ENX1 (SC-166609), anti-caspase 3
(SC-56053), anti-c-Myb (sc-74512), anti-β-actin (SC-69879),
and anti-ubiquitin (SC-8017) procured from Santacruz
Biotechnology (SCBT) and anti-histone-3 (14269S), trimeth-
yl-histone H3 (Lys27) (9733S), and ubiquity-histone H2A
(Lys119) (8240S) procured from Cell Signaling Technology.
The secondary anti-mouse IgG-HRP antibody (SC-516102)
and anti-rabbit IgG-HRP (SC-71675) were purchased from
SCBT. The presence of the protein on the blot was visualized
using an ECL substrate (BIO-RAD) and followed by detection
through image J lab software and a ChemiDoc XRS+ imaging
system. For investigating the role of the proteasome pathway,
the cells were pretreated with MG132 (1 μM) for 4 h, following
exposure to placebo HSANPs, EPZ011989-loaded HSANPs,
and EPZ011989 for 72 h. The cell lysate was isolated and
examined following a similar procedure.
The cell lysates (300 μg) from differently treated groups were

incubated with anti-IgG, anti-BMI-1, anti-EZH2, and anti-c-
Myb primary antibodies for 1 h. The lysate was incubated with
precleared A/G beads (sc-2004, SCBT) on a rotary shaker at 4
°C overnight. The precipitated A/G beads after centrifugation
were washed two times with PBS and immunoblotted following
the above procedure using primary antibodies anti-BMI-1, anti-
EZH2, anti-c-Myb, and anti-ubiquitin.

2.12. siRNA-Based Silencing of c-Myb. U937 cells were
seeded in 2 mL of antibiotic-free media supplemented with 10%
FBS and incubated at 37 °C in a CO2 incubator for 18−24 h.
The c-Myb siRNA (sc-29855) (2−8 μL) in 100 μL of
transfection media (sc-36868) and 2−8 μL of transfection
reagents (sc-29528) in 100 μL of transfection media (sc-36868)
were mixed and left for 45 min at room temperature. The
common pool of three siRNA duplexes (sc-29855A) with the
sequence sense- GGAACAGAAUGGAACAGAUtt, antisense-
AUCUGUUCCAUUCUGUUCCtt; (sc-29855B) sense-GAA-
CUCCUACACCAUUCAAtt, antisense-UUGAAUGGU-
GUAGGAGUUCtt; and (sc-29855C) sense-GUACUCCA-
GUAUUUCACUUtt, antisense- AAGUGAAAUACUGGA-
GUACtt were used. This mixture was overlaid onto the
washed cells and incubated for 48 h with the addition of fresh
growth media. The whole-cell protein lysates were prepared
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using radioimmunoprecipitation (RIPA) buffer and examined
by immunoblotting following the western blotting protocol. The
primary antibodies anti-ENX1 (sc-166609) and anti-c-Myb (sc-
74512) and the secondary anti-mouse IgG-HRP antibody (sc-
516102) were used for detection.
2.13. Chromatin Immunoprecipitation (ChIP) Assay.

The U937 cells (1 × 107) following treatment with the drug and
DLNPs for 72 h along with the untreated control were processed
for the ChIP assay following the standard protocol. Briefly, the
cells were fixed using a formaldehyde solution (11%) and lysed
using sonication (amplitude) for 10 min at 4 °C to obtain
sheared DNA fragments. The fragments were incubated and
precipitated with the c-Myb antibody (CST), after which
DNA−protein immunocomplexes were collected, using protein
A/G-agarose beads (SCBT), and treated with RNase-A (Sigma)
and proteinase K (Sigma); primers were used for the promoter
region of the EZH2 gene (Supporting Information Table S2).
The enrichment of c-Myb motif binding at or around EZH2
could be reliably detected and quantified by the ChIP-real-time
PCR assay, and the PCR products were run on 2% agarose gel in
1× TBE buffer.
2.14. In Vivo and ex Vivo Biodistribution of Nano-

particles. In vivo whole-body imaging experiments on 4−6-
week-old male BALB/c mice were performed after due ethical
clearance from the Institutional Animal Ethics Committee. The
BALB/cmice were injected via tail vein with 100 μL of 5mg/mL
EPZ011989-loaded HSANPs, and the photoluminescence
(IVIS spectrum) of indocyanine green (ICG) was observed till
4 h with a time duration of 30 min for acquisition. EPZ011989-
loaded HSANPs were incubated with the ICG (indocyanine
green) staining dye for 24 h in shaking conditions at room
temperature, followed by dialysis for 3 days to remove the
unbound dye. The EPZ011989-loaded HSANPs were collected
from the dialysis membrane and used for the experimental
studies. The animals were dissected and the kidney, spleen, liver,
brain, and heart were collected and imaged separately. The
histopathological assessment was performed by staining the

organ tissue section obtained from the mice with prolonged
administration of the EPZ011989-loaded HSANPs and
EPZ011989.

2.15. In Vivo Efficacy Studies in the Mouse Xenograft
Model. The 4-week-old female nude mice were used, and all
studies were conducted following guidelines of the Institutional
Animal Ethical Committee (IAEC) of Indian Institutes of
Science Education and Research, Mohali. The acute myeloid
leukemia xenograft model was developed by first treating the
animals with 20 mg/kg busulfan (ip administration) for 24 h
followed by injection of leukemic cells (iv). Before admin-
istration, U937 cells were washed twice in phosphate-buffered
saline (PBS) and cleared of aggregates followed by intravenous
administration of 2million AML cells/200 μL of PBS permouse.
These animals, upon completion of 4 weeks bearing xenografts,
were divided into the following groups: control group (without
therapy), placebo HSANP group, EPZ011989 (EPZ) admin-
istration group, and EPZ011989-loaded HSANP group. These
formulations were injected intraperitoneally (ip) including four
cycles of 5 consecutive days of injection with 1 day rest between
cycles. The immunophenotyping of CD45+ and CD11b+

(PerCP/Cy5.5, 304027 & CD11b+APC/Cy7, 10125 were
purchased from Biolegends Ltd.) positive cells in mouse
peripheral blood and bone marrow was quantitated using a
flow cytometer. For confirming leukemic engraftment, the mice
were humanely sacrificed and bone marrow and spleen were
dissected, crushed in PBS, and made into single-cell suspensions
for analysis by a flow cytometer. The protein levels of EZH2, c-
Myb, and caspase 3 isolated from the bone marrow cells and
spleen tissue of differently treated groups were analyzed using
western blotting. The whole spleen and histological sections of
spleen from treated mice were prepared and stained with
hematoxylin and eosin (HE) by following the standard protocol.

2.16. Statistical Analysis. All data were analyzed and
quantitated and drawn in OriginLabv8.5. The nonlinear and
linear fittings, the statistical comparison using Student’s t-test,
and one-way and two-way analysis of variance (ANOVA) were

Figure 1. Mean hydrodynamic diameter distribution of placebo HSANPs and EPZ011989-loaded HSANPs centered at 68 ± 17 and 87 ± 8 nm,
respectively (A); the ζ-potential values of placeboHSANPs and EPZ011989-loadedHSANPs of−26.5± 10 and−33.4± 12mV are represented in the
histogram. The Student t-test at the **P < 0.01 (n = 3) significance level performed for statistical comparison (B); TEM micrographs of placebo
HSANPs (C) and EPZ011989-loaded HSANPs (D); and FESEM images of placebo HSANPs (E) and EPZ011989-loaded HSANPs (F).
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performed following Tukey’s test for mean comparison among
the groups at the P-values of *≤0.05, **≤0.01, and ***≤0.001.

3. RESULTS

3.1. Preparation and Characterization of EPZ011989-
Encapsulated HSANPs. In this work, placebo HSANPs and
EPZ011989-loaded HSANPs were prepared by the desolvation
method following standard protocols.32 The mean hydro-
dynamic diameters were found to be around 68 ± 17 nm and
87± 8 nmwith amonodispersed solution phase indicated by the
polydispersity index (PDI) < 0.2 for HSANPs and EPZ011989-
loaded HSANPs, respectively, measured via dynamic light
scattering (DLS) (Figure 1A). The ζ-potentials of placebo
HSANPs and EPZ011989-loaded HSANPs were −26.53 ± 12
and −33.43 ± 10 mV, respectively (Figure 1B). The detailed
morphological features of the placebo HSANPs and
EPZ011989-loaded HSANPs were obtained by field emission
scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), and atomic forcemicroscopy (AFM). TEM
(Figure 1C,D), FESEM (Figure 1E,F), and AFM (Supporting
Information Figure S1A,B) images revealed the uniform
spherical morphology of both placebo HSANPs and
EPZ011989-loaded HSANPs with a mean diameter of ∼100
nm. The calculated drug loading and drug entrapment efficiency
estimated were 14.23% ± 21 and 95% ± 13, respectively. To
determine the interactions and the chemical modifications
during the preparation process, Fourier transformation infrared
(FTIR) analysis was conducted. Characteristic sharp peaks of
EPZ011989 were observed at 1116 and 1635 cm−1. Other
significant peaks including 3301 and 3057 cm−1 are consistent
with the HSA and HSA with EPZ011989 (physical mixture).
The shifting of the amide I peak toward a higher wave number
observed at 1660 cm−1 in EPZ011989-loaded HSA nano-

particles indicated EPZ011989 interaction with HSA during the
encapsulation process (Supporting Information Figure S2A).
EPZ011989 powder displayed crystalline characteristic diffrac-
tion peaks at a 2θ value of 18.6 in X-ray diffraction (XRD)
consistently appearing in a physical mixture of EPZ011989 and
HSA nanoparticles, although HSA, placebo HSANPs, and
EPZ011989-loaded HSANPs showed almost amorphous
characteristics, supporting complete entrapment of
EPZ011989 inside nanoparticles (Supporting Information
Figure S2B). The circular dichroism spectroscopy results
showed a transition in the secondary structure of the HSA
during nanoparticle preparation from α-helix to β-sheet and
random coils (Supporting Information Figure S2C), as HSA
natively exists in the majority of α-helix (222 and 208 nm)
conformation turns in to β-sheet (216 nm) and random coils
(217 nm) indicating the degree of protein aggregation and
denaturation. The CD data gave information about the
mechanism of nanoparticle preparation via the desolvation
method. On addition of the desolvating agent, EPZ011989 with
HSA forms nanoaggregates, later stabilized by glutaraldehyde as
a cross-linking agent. This facilitates improved drug release, as
evident in the in vitro drug release profile.
Moreover, the differential scanning calorimetric (DSC)

thermogram further supports the XRD results as EPZ011989
showed crystalline peaks in the DSC melting curve at 96, 223,
231, 240, 247, and 255 °C (Supporting Information Figure S3).
The melting curve of physical mixture displayed two peaks at 76
and 208 °C, whereas no peaks were observed in EPZ011989-
loaded HSANPs. Interestingly, to confirm EPZ011989 andHSA
interactions, UV spectral absorbance and steady-state trypto-
phan fluorescence emission intensity have been recorded.
Mixing of 5 μM HSA with varying concentrations of 15, 20,
25, and 50 μMof EPZ011989 has shown absorbance λmax within

Figure 2. Percentage cumulative drug release profiles of EPZ011989, EPZ011989-loaded HSANPs, and physical mixture (A); solubility profiles of
EPZ011989 and EPZ011989-loaded HSANPs (B); ζ-potential values of the EPZ011989-loaded HSANPs (C and E) and HSANPs (D and F) in
DMEM and DMEM + 10% FBS, respectively, at different time points showing the stability of nanoformulation. The Student t-test at *P < 0.05 and
one-way ANOVA with the Tukey test at the **P < 0.01 (n = 3) significance level are performed for statistical comparison.
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the 230 and 300 nm range, primarily indicating the absence of
any physical covalent interactions between HSA and
EPZ011989 (Supporting Information Figure S4A). However,

the quenching of steady-state tryptophan fluorescence maxima
of 5 μM HSA positively correlated with the increasing
concentration of EPZ011989, showing the noncovalent

Figure 3.Cellular uptake of HSANPs (placeboHSANPs) and DLNPs (EPZ011989-loadedHSANPs) tagged with rhodamine B (red) in U937 cells &
DAPI stained nucleus (blue), scale bar = 5 μm (A), and their quantitative analysis for (%) uptake in cytoplasm and nucleus (B). The Student t-test at
the ***P < 0.001 (n = 3) significance level is performed for statistical comparison.

Figure 4. In vitro cell viability measurement following treatment with control, placebo HSANPs, EPZ011989, and EPZ011989-loaded HSANPs on
293T (A), HL60 (B), and U937 cell lines (C). The FACS-based cell cycle analysis of the treated U937 cell population (D). The FACS-based
measurement of BrdU incorporation vs DNA content (PI staining) of treated U937 cells (E). The quantification of percentage cell population in
different cell cycle stages G1, S, and G2/M is represented as a bar diagram for PI-stained (F) and BrdU and PI dual stained (G) populations. The
statistical comparison was performed using one-way ANOVA with Tukey’s test at *P < 0.05; **P < 0.01; and ***P < 0.001 (n = 3) significance levels.
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interactions of HSA with EPZ011989 in an aqueous environ-
ment (Supporting Information Figure S4B). In silico, molecular
docking analysis was performed with iGEMDOCK, which
shows molecular interactions (Supporting Information Figure
S4C) and suggests that several amino acid residues played an
essential role in the binding of EPZ011989 with HSA and EZH2
(Supporting Information Table S1).
3.2. EPZ011989 Release Pattern, Solubility, and

Stability Analysis. This conformational characteristic of
HSA-based nanocarriers facilitates improved drug release as
represented by the in vitro drug release profile (Figure 2A)
referenced to the EPZ011989 standard curve obtained via
HPLC showing retention time at 303 nm (Supporting
Information Figure S5). The free drug EPZ011989 showed
burst release of ∼85% drug in initial 4 h, and a similar pattern is
recorded in the physical mixture of EPZ011989 and HSANPs
(wt %) showing 80% drug released in initial 12 h. The
EPZ011989-loaded HSANPs provided an initial burst phase
followed by the controlled release with only∼20% drug released
in the initial 12 h and total 41% in 72 h of the experiment. The
solubility profiles of free EPZ011989 and EPZ011989-loaded
HSANPs in 1× PBS show a significant increase in the solubility
till 72 h (Figure 2B). The result shows that the major solubility
problem of EPZ011989 can be overcome after encapsulation
with HSANPs, which increase its solubility. The stability study
shows the compatibility of the EPZ011989-loaded HSANPs in
various physiological fluid conditions as a function of particle
diameter (Supporting Information Figure S6A−D) and ζ-
potential (Figure 2C−F) in DMEM and DMEM + 10% FBS.

3.3. Cellular Uptake and Cytotoxicity of the Nano-
formulation on AML Cells. The acute myeloid leukemia
(AML) cells U937 and HL60 of the human origin were used for
assessing in vitro anti-AML therapeutic efficacy of EPZ011989
nanoformulation. Both cell lines are EZH2-positive with 87%
(U937 cells) and 60% (HL60 cells) overexpression of EZH2,
which validates their use as an in vitro model in our work and is
also demonstrated in previous reports.33,34 The placebo
HSANPs and EPZ011989-loaded HSANPs were firmly tagged
with fluorescent dye rhodamine B and exposed to U937 cells for
a variable period. The imaging done by confocal laser scanning
microscopy (CLSM) of these cells displayed nuclear localization
of EPZ011989-loaded HSANPs in U937 cells, whereas the
rhodamine B-tagged placebo HSANPs accumulated in the
cytoplasm. These observations confirmed that EPZ011989-
encapsulated HSANPs direct their accumulation in the nucleus
in the leukemic cell line (U937) and placebo HSANPs
accumulate into the cytoplasm. The colocalization of the blue
fluorescence of nuclear material stained with DAPI and red
fluorescence of DLNPs accumulated clearly show the potential
of DLNPs to localize into the cell nucleus (Figure 3A,B). The
color-intensity-based histogram for the whole cell and nucleus
region is represented for HSANPs and DLNPs, where HSANPs
show negligible fluorescence in the nucleus and DLNPs show
the nuclear uptake (Supporting Information Figure S7).
EPZ011989, as an inhibitor of EZH2, shows different IC50

values depending upon the cell type and origin and treatment
schedule.23,35 Inhibition of the cellular growth and proliferation
was evaluated in time and concentration-dependent manner,
ranging from 40 to 100 μMconcentration of drug and equivalent

Figure 5. Colony formation assay for U937 cells colonies treated with placebo HSANPs, EPZ011989, and EPZ011989-loaded HSANPs and stained
with crystal violet and images of the whole plate (A); the enlarged view of a single colony at higher magnification (B). The quantitative colony forming
capacity of the differently treated U937 cells is represented as a histogram. All of the values are compared using one-way ANOVAwith the Tukey test at
***P < 0.001 significance level (C) and the schematic illustrating the colony formation assay setup (D).
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loading in HSANPs in 293T, U937, and HL60 cell lines. The
noncancerous 293T cells showed no significant inhibition and
cytotoxicity (Figure 4A), whereas similar doses of EPZ011989
and EPZ011989-loaded HSANPs exhibited significant cytotox-
icity in U937 and HL60 (Figure 4B,C). The results indicated
that the selective targeting of the EZH2-positive cells is more
prone to cellular death as the similar optimal dose of either drug
or nanoformulation does not have any effect on the viability of
normal cells. The dose−response curve of the EPZ011989 and
EPZ011989-loaded HSANPs in U937 and HL60 were drawn
following nonregression fitting of the absorbance values
obtained from the MTT assay (Supporting Information Figure
S8 and Supporting Information Figure S9). The IC50 values of
EPZ011989-loadedHSANPs estimated onU937 (64± 0.1 μM)
and HL60 (74 ± 0.1 μM) were significantly lesser than the IC50
values calculated for only EPZ011989 on U937 (95 ± 0.1 μM)
and HL60 (148 ± 0.3 μM) cells, respectively. Thus, based on
these nanoformulation responses, 52 μM concentrations of
(54.45 μg/mL) EPZ011989 and equivalent doses of 605.4 μg/
mL of DLNP and 550 μg/mL of placebo HSANPs were
considered for all of the treatments.
3.4. Suppressed Cell Proliferation and G2/M Phase

Cell Cycle Arrest. The EPZ011989-loaded HSANPs with
nuclear localization and enhanced cytotoxicity for specific
EZH2-positive AML cells were the basis for further investigating

the effect on the cell proliferation and cell cycle. Further, the
FACS-based measurement of BrdU incorporation vs total DNA
content provided the information about cell cycle alteration
followed by EPZ011989 and EPZ011989-loaded HSANP and
placebo HSANP treatments. The synchronized U937 cells
showed the distinct cell cycle G1, S, andG2/Mphases withmost
of the populations in either G1 or S phase in the untreated
control. The EPZ011989-loaded HSANP cells were found to
exist in the G2/M phase (Figure 4D,F). The PI-based DNA
content histogram was fitted with the Watson pragmatic
program for quantitative estimation of each cell cycle phase.
Interestingly, the cell population appearing inactive in the S
phase upon BrdU/PI staining in the untreated control group
shifted to the G2/M phase in the EPZ011989-loaded HSANP
group (Figure 4E,G). Hence, we can conclude that EPZ011989-
loaded HSANPs arrested the AML cells at the G2/M phase and
also exhibited significantly higher antiproliferative activity.36

To visualize the antiproliferative effect of the EPZ011989-
loaded HSANPs, the soft agar colony formation assay was
performed for cells treated with placebo HSANPs, EPZ011989,
and EPZ011989-loaded HSANPs. The result showed that
untreated U937 cells were able to produce larger and multiple
colonies at 14 days, whereas cells pretreated with EPZ011989-
loaded HSANPs fail to form colonies on soft agar, visualized by
the well-known crystal violet staining protocol.37 The placebo

Figure 6. Apoptosis activity of the nanoformulation determined by Annexin V-Cy3 and 6-carboxyfluorescein (CFDA) dual staining followed by flow
cytometric analysis of the U937 cells treated with apoptotic and necrotic EPZ011989, placebo HSANPs, and EPZ011989-loaded HSANPs,
respectively (A). The mitochondrial membrane depolarization following treatment with EPZ011989, placebo HSANPs, and EPZ011989-loaded
HSANPs wasmeasured using FACS (B). The U937 cell population undergoing apoptosis is quantitatively represented in a histogram (C). The treated
population shifting from aggregates JC-1 (red) to monomers (less red) upon mitochondrial damage is quantitatively described (D). All of the values
are expressed as mean± standard deviation (n = 3) and compared using one-way ANOVAwith the Tukey test at *P < 0.05 and **P < 0.01 significance
levels for statistical comparison.
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HSANP- and EPZ011989-exposed cells appeared with com-
paratively lesser and intermediate-sized colonies on soft agar
(Figure 5A,B). The colony formation efficiency (CFE) based on
the number of colonies per well was ∼8% for the control group,
which had been decreased to <1% for the EPZ011989-loaded
HSANP-treated group (Figure 5C). The colony formation
efficiency was calculated by following already published
reports.38,39 These results showed that EPZ011989-loaded
HSANPs exhibit strong antiproliferative activity on AML cells
compared to the vehicle and drug mechanistically due to G2/M
phase cell cycle arrest, which leads to lesser reproductive
potential and results in lesser colonies.
3.5. EPZ011989-Loaded HSANPs Triggered Mitochon-

drial Damage and Apoptotic Pathway Activation. To
analyze the mechanism of AML cell death, the Annexin V-based
flow cytometric estimation of apoptosis was performed. The
healthy cells stained 6-carboxyfluorescein (6-CFDA)-positive
and Annexin V-negative shifted toward an Annexin V-Cy3-
positive quadrant after treatment with EPZ011989-loaded
HSANPs (33.3%), which was almost double of EPZ011989
(17.3%). However, the placebo HSANPs exerted negligible
apoptosis in the U937 population (Figure 6A,C). Next, further
analyses showed that the ROS-mediated apoptotic pathway
activation triggers with initial mitochondrial membrane
depolarization. The FACS-based analysis of the mitochondrial
membrane potential was performed by measuring the differ-
ential population exhibiting healthy mitochondria with red

fluorescence (J-aggregates of JC-1) and with depolarized
mitochondrial population exhibiting lower red fluorescence
(monomer of JC-1). The shift in the population from red to
green in the EPZ011989-loaded HSANP group indicated the
associated mitochondrial depolarization, which was significantly
higher compared to that in the untreated control and placebo
HSANP- and EPZ011989-treated cell populations (Figure
6B,D). Thus, these results confirmed the mechanism of the
apoptosis pathways activation, which is firmly associated with
mitochondrial damage in leukemic cells.

3.6. Analysis of EZH2 Expression and Downregulation
Mechanism. The EPZ011989-loaded HSANPs are specific
inhibitors of EZH2; thus, next, we performed the western blot
analysis, which demonstrated DLNPs (EPZ011989-loaded
HSANPs) mediating suppression of EZH2, BMI-1,
H3K27me3, and H2AK119ub and overexpression of caspase 3
(Figure 7A,D). The cotreatment of MG132 (proteasomal
pathway inhibitor) with EPZ011989-loaded HSANPs,
EPZ011989, placebo HSANPs, and control showed regular
expression of EZH2, BMI-1, H3K27me3, and H2AK119ub,
indicating the crucial role of proteasomal degradation of EZH2
(Figure 7B,E). The immunoprecipitated EZH2 and BMI-1
following western blot examination with anti-ubiquitin (Ub)
indicated the associated polyubiquitination of cellular EZH2
and BMI-1 (Figure 7C). The continuous trailing in the DLNP
(EPZ011989-loaded HSANPs) group represents the degree of
ubiquitination and temporal degradation. The analysis of results

Figure 7.Western blot analysis of control, EPZ011989 (drug), placeboHSANPs (NPs), EPZ011989-loadedHSANPs (DLNPs) for β-actin, caspase 3,
EZH2, H3K27me3, BMI-1, and H2AK119Ub (A) and their quantification (D). Western blot analysis after cotreatment of MG132 with EPZ011989
(drug), placebo HSANPs (NPs), and EPZ011989-loaded HSANPs (DLNPs) for β-actin, EZH2, H3K27me3, BMI-1, and H2AK119Ub (B) and their
quantification (E); U937 cells were treated as above, 2% total extracts were immunoprecipitated with anti-IgG, anti-EZH2, and anti-BMI-1, and 2%
whole extract was taken as input and immunoblotted to detect ubiquitin (D). The β-actin level was used to normalize loading; qPCR analysis of EZH2
and BMI-1 after treatment with control, EPZ011989 (drug), placebo HSANPs (NPs), and EPZ011989-loaded HSANPs (DLNPs) (F). The results
were analyzed via one-way ANOVA with the Tukey test at the **P < 0.01 and ***P < 0.001 (n = 3) significance levels for statistical comparison.
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shows enhanced polyubiquitination of EZH2 in EPZ011989-
loaded HSANPs in comparison to the untreated control, and
anti-IgG IP showed no association of ubiquitin in WB,
suggesting assay specificity (Figure 7C). The gene expression
pattern in the leukemic cell line was analyzed by real-time PCR
representing significant downregulation of EZH2 and BMI-1
genes following EPZ011989-loaded HSANP treatment com-
pared to EPZ011989 and untreated control (Figure 7F).
3.7. Analysis of Attenuating EZH2 and c-Myb

Interaction. We examined the c-Myb and EZH2 protein level
in the AML cells upon EPZ011989-loadedHSANPs exposure to
check whether it interferes with protein expression level of
transcription factor c-Myb and EzH2 expression. Interestingly,
EPZ011989-loaded HSANPs inhibited c-Myb protein expres-
sion in the U937 cell line (Figure 8A,C). Indeed, a reversal of c-
Myb protein loss by the proteasomal inhibitor (MG132)
indicates that EPZ011989-loaded HSANPs target c-Myb by
promoting the proteasomal degradation (Figure 8B,G) because
reduced c-Myb expression is correlated with lower EZH2 levels
(Figure 7A). The physical interaction between c-Myb and
EZH2 is identified by immunoprecipitation, and the result
confirmed the functional interaction between EZH2 and c-Myb
at the cellular level (Figure 8C). Next, the 2% total extract
immunoprecipitated after treatment with EPZ011989-loaded
HSANPs and confirmed the physical interaction between EZH2
and c-Myb at the protein level.
3.8. c-Myb as a Direct Modulator of the EZH2

Expression. Next, we have investigated the modulatory role
of transcription factor c-Myb in controlling EZH2 expression in
AML cells. Thus, siRNA-mediated RNAi was used to knock-
down the cellular level of c-Myb with subsequent measurement
of EZH2 expression using western blotting. The results showed
the significant downregulation of cellular EZH2 upon c-Myb

silencing (Figure 8E,F). Further, we investigated whether the
expression of EZH2 was directly modulated by c-Myb. A search
of the human EZH2 promoter sequence in transcription factor
binding site databases (i.e., database TRANCFAC_8.3)
indicated the presence of putative c-Myb binding sites,
suggesting that EZH2 might be a direct target of c-Myb.
However, for the definitive validation of direct interaction of the
EZH2 promoter with c-Myb protein, the chromatin immuno-
precipitation (ChIP) assay was performed on the U937 cell
isolates. The qPCR of the recovered templates from the ChIP
assay using specific EZH2 promoter-specific primers confirmed
the c-Myb occupancy on the EZH2 promoter (Figure 8H). For
the full length of the EZH2 promoter (−1702 to +52), we have
used two different primer sets specific to the EZH2 promoter
from−773/−673 and−436/+48 with amplicon sizes of 100 and
484 bp, respectively (Supporting Information Figure S10).
These two different primers were prevalidated for the
amplification of the specific EZH2 region in previously
published method.40,41 The EZH2 gene showed enrichment of
c-Myb compared to the IgG control. The specific binding of c-
Myb on the EZH2 promoter region−773/−673 and−436/+48
sequences is displayed in the amplification plot obtained on
qPCR (Figure 8I), which were further confirmed by visual-
ization on 2% agarose gel (Figure 8J). The c-Myb protein can
modulate the EZH2 expression; hence, the levels of the
associated transcripts were screened following DLNP,
EPZ011989, and untreated control group isolates of U937
cells (Supporting Information Figure S11). The overall result
concludes that the knockdown of c-Myb expression causes
significant downregulation of EZH2 and indicates that c-Myb
can modulate the EZH2 expression by binding on its promoter
sequence.

Figure 8.Western blot analysis of control, EPZ011989 (drug), placeboHSANPs (NPs), and EPZ011989-loadedHSANPs (DLNPs) for β-actin and c-
Myb (A) and their quantification (C). Western blot analysis after cotreatment of MG132 with EPZ011989 (drug), placebo HSANPs (NPs), and
EPZ011989-loaded HSANPs (DLNPs) for β-actin and c-Myb (B) and their quantification (G). Immunoprecipitation study to analyze the interaction
between c-Myb and EZH2 in 2% total extracts after control, EPZ011989 (drug), placebo HSANP (NPs), and EPZ011989-loaded HSANP (DLNPs)
treatment (D). c-Myb siRNA silencing mechanism after treatment with c-Myb siRNA and western blot analysis for c-Myb and EZH2 (E, F). The
results were analyzed via one-way ANOVA with the Tukey test at the *P < 0.05, **P < 0.01, and ***P < 0.001 (n = 3) significance levels. The two
EZH2 promoter region −773/−673 and −436/+48 sequences represent the c-Myb interaction site on the EZH2 promoter (H). The qPCR analysis
after ChIP is quantitatively represented (I). The visualization of qPCR end products on 2% agarose gel (J).
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3.9. In Vivo and ex Vivo Biodistribution of Nano-
formulation. To study in vivo biodistribution, ICG-tagged
EPZ011989-loaded HSANPs were intravenously injected in
BALB/c mice. The time-dependent images were acquired on an
animal imager (IVIS, spectrum) in the near-infrared (NIR)
region (Figure 9A). The strong NIR fluorescence emission and
penetration ability in the deep tissues without causing any
significant heating are the characteristics for the potential use of
ICG as an in vivo dye.42 The mice exposed to the formulation
showed the gradual retention in the liver, which was maximum
in 45 min post-injection. The fast excretion of the nanomaterial
from the animal system was solely dependent on the
nanoparticle size and physicochemical characteristics. Further,
at the end of 2 h, the signals from the kidney indicated the
systemic clearance with continuous clearance from the hepatic
systems. The ex vivo imaging of the kidney, spleen, liver, brain,
and heart (Figure 9C) has shown the significant accumulation of
EPZ011989-loaded HSANPs in the liver and kidney (Figure
9D). However, the heart, kidney, liver, spleen, and brain isolated
from the mice with prolonging treatment of the EPZ011989 and
EPZ011989-loaded HSANPs have shown negligible morpho-
logical damage assessed after hematoxylin and eosin staining
(Figure 9B). Thus, these results confirmed the systemic
compatibility of the EPZ011989-loaded HSANPs showing
optimal retention, fast excretion, and negligible nonspecific
toxicity to the organs.
3.10. In Vivo Therapeutic Assessment on AML

Xenograft Model. The engraftment of the U937 leukemic

cells in the nude mice model was established by injecting these
cells via the tail vein, which demonstrated the antileukemic effect
of EPZ011989-loaded HSANPs. The mice (n = 15) were
injected with the U937 AML cell line for induction of the
xenograft model of AML (Figure 10A). After the 20th day of
injection of leukemic cells, all mice peripheral blood was
assessed for the successful development of the AML model.
Following treatment of EPZ011989, placebo HSANPs, and
EPZ011989-loadedHSANPs, the body weight of the animal was
recorded, and all of the mice were euthanized on the 29th day
and characterized using FACS-based immunophenotyping for
specific CD45+ and CD11b+ markers from peripheral blood and
bone marrow samples. The continuous dosing of the
EPZ011989-loaded HSANPs leads to a significant decrease in
the leukemic cell population compared to control and the
EPZ011989-injected group (Figure 10B). The whole popula-
tion of human CD45+ (common leukocyte antigen) leucocyte
and CD11b+ was significantly increased in the AML model
(Figure 10B,G), suggesting that EPZ011989-loaded HSANPs
conferred strong regulatory effect on the leukemic cell
transformation in nude mice. Subsequently, the measure of
the splenomegaly as a function of size, which is associated with
hematological malignancy, was examined for EPZ011989-
loaded HSANPs, EPZ011989, and placebo HSANPs-treated
AML-bearing nude mice. The significant enlargement of the
spleen in the AML model was observed, which was not seen in
the EPZ011989-loadedHSANPs, whereas intermediate enlarge-
ment of the spleen was there in the EPZ011989 and control

Figure 9. In vivo biodistribution of fluorescent-tagged nanoformulation, images acquired at 15, 30, 45, 60, and 120min post intravenous injection (A).
The histopathological analysis of heart, kidney, liver, spleen, and brain sections following H&E staining (scale bar = 50 μm) (B). Ex vivo imaging of
organs harvested at 2 h post-injection (C, D) and quantitation of % accumulation of DLNPs in significant organs (E).
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nude mice (Figure 10C). To confirm the action of the
encapsulated drug, the protein levels of EZH2, c-Myb, and
caspase 3 in the leukemic cell isolates were analyzed using
western blotting. The results confirmed the consistent inhibitory
action of EPZ011989-loaded HSANPs in the AML model, with
significant downregulation of EZH2 and c-Myb and over-
expression of caspase 3 (Figure 10D,E). The overall results
demonstrated better efficacy of EPZ011989-loaded HSANPs in
targeting the AML with significant downregulation of the EZH2
and c-Myb expression, turning a new epigenetic target for AML
therapy.

4. DISCUSSION
The current study showed that the HSA nanoformulation had
overcome major limitations associated with free EPZ011989,
such as poor solubility and low bioavailability with better efficacy
for AML treatment. For the preparation of EPZ011989-loaded
HSANPs, the optimization with HSA concentration, magnetic
stirring, and temperature was done to obtain narrower particle
size distribution by the desolvation method. The nanodimen-
sional size with spherical morphology made HSANPs as

EPZ011989-loaded HSANPs a suitable drug carrier. The
calculated loading efficiency and entrapment efficiency of
EPZ011989 into HSA nanoformulation characterized it as a
suitable carrier system for AML treatment. The functional group
analysis revealed the crucial interactions and chemical
modifications during the preparation process of EPZ011989-
loaded HSANPs. The crucial interaction at the amide I peak in
FTIR indicated EPZ011989 interaction with HSA during
encapsulation. Moreover, the physical state and stoichiometric
analysis suggest EPZ011989 encapsulation into HSANPs. The
characteristics of HSANPs such as smaller size, higher
monodispersed phase, reproducibility, and ease to scale up in
the preparation involving less time, and lower expenses make it
suitable as a drug delivery vehicle.
The biophysical and in silico studies revealed the predom-

inating noncovalent interactions between HSANPs and
EPZ011989. Interestingly, the UV spectral absorbance and
steady-state tryptophan fluorescence emission intensity primar-
ily indicated the absence of any physical covalent interactions
between HSA and EPZ011989. The in silico and biophysical
investigations revealed major noncovalent interactions between

Figure 10. Therapeutic efficacy of EPZ011989-loaded HSANPs on the xenograft model of acute myeloid leukemia. The schematic diagram of the
AML xenograft model preparation and therapeutic assessment (A). The dual CD11b+ andCD45+ positive cell populations were estimated using FACS
in peripheral blood and bone marrow samples obtained from nanoformulation-injected mice (B). The quantitative representation of the CD11b+ and
CD45+ positive cell populations isolated from differently injected mice (G). The physical description of the set of spleens isolated from mice
administered with different groups (C). The downregulation of EZH2 and c-Myb and overexpression of caspase 3 examined using western blotting
considering β-actin as control (D). The change in the body weight following placebo HSANPs, EPZ011989, and EPZ011989-loaded HSANPs
administration considering un-injected control represented in scattered plot (F). The data represent the mean ± standard deviation (n = 3) and
compared using one-way ANOVA with the Tukey test at the **P < 0.01 and ***P < 0.001 significance levels for statistical comparison.
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HSA and EPZ011989 as the basis of carrier and drug
compatibility.
Circular dichroism spectroscopy results further revealed the

conformational change in the protein secondary structure
during nanoparticle synthesis, from α-helix to the β-sheet and
random coils, indicating a degree of structural change giving
specific morphology, stability, and functionality to HSANPs.
The improved in vitro drug release profile showed the
characteristics of preferred drug carriers. The nanoformulation
minimizes off-target release and nonspecific side effects during
circulation and also prevents efflux from resistant cells. The
cumulative drug release pattern from the nanoformulation may
be similar to the EPZ011989 release after internalization in AML
cells, downregulating the expression of EZH2 and associated
genes, triggering cumulative epigenetic alterations.
The increased solubility profile EPZ011989-loaded HSANPs

significantly indicates that EPZ011989-loadedHSANPs are able
to overcome the aqueous solubility problem of free EPZ011989.
The stability study shows the compatibility and stability of the
EPZ011989-loaded HSANPs in various physiological fluid
conditions. The rhodamine-tagged EPZ011989-loaded
HSANPs show that the localization into the nucleus might be
due to the conjugation of EPZ011989 (drug) into the HSANP
nanoformulation targeting its delivery toward the nucleus and
binding to the DNA-binding histone proteins. This can be
compared with the evidence where histone deacetylase
(HDAC) inhibitors serve as a tag for translocating the
nanostructures into the nucleus and triggering a superior effect.
For instance, prostate cancer was targeted utilizing histone
deacetylase inhibitor (HDACi), which inhibited isoforms of
HDAC by varying the nuclear localization controlling HDAC
activity.43 Other inhibitors’ target resides in the nucleus with
binding to DNA or histone protein and allowing the
translocation of the nanoparticle from the cytosol to the
nucleus. Self-localization of the particle in the nucleus of the cells
activates the gene expression mediated by the induction of
histone acetyltransferase (HAT) activity.44 EZH2 is responsible
for chromatin compaction by transferring methyl groups to
lysine residues of the histone protein, the reversibility by
EPZ011989 in inhibiting this histone methyl lysine transferase
EZH2, and thereby reducing the availability of the methyl group
for histone methylation. All phenomena are localized in the
nucleus, so the action of EPZ011989 directed toward histone is
predicted.
Accumulation of HSANPs in leukemic cells could be

attributed to leaky tumor capillary and defective lymphatic
drainage. Transcytosis of HSANPs through endothelial receptor
gp60 (60 kDa glycoprotein) and bonding facilitates caveolae and
SPARC (43 kDa glycoprotein overexpressed in cancer cells)-
mediated intracellular uptake.45 Finally, HSANPs protect
EPZ011989 from biodegradation, allow escape from lysosomal
entrapment, and expedite controlled release, allowing nuclear
entry and thereby downregulation of EZH2 gene expression,
resulting in rehabilitation of characteristic epigenetic alterations.
Subcellular localization of HSANPs is also evident in the
clathrin-mediated cellular uptake in cancer (in vitro and in
vivo).46 The superior cytotoxicity of DLNPs (EPZ011989-
loaded HSANPs) could be due to the EPZ011989-based
targeting of the AML cells to the nucleus and local release of
EPZ011989 from the nanoformulation. This minimal dose is
sufficient to induce the cytotoxic effect in the U937 and HL60
cell lines without any significant impact on the noncancer cells
and could be a promising therapeutic strategy in reverting

epigenetic modifications for AML prevention. The nuclear
localization might affect the AML nuclear function, which was
confirmed by measuring the active -S cell cycle phase using
immunostaining of the incorporated BrdU (5′bromo-2′deoxy-
uridine) corroborated with propidium iodide-based DNA
content analysis.47 The in vitro synchronization was done to
arrest cultured cells in specific phases of the cell cycle stage
before using them for screening the agent affecting the regular
cell cycle progression. The presence of all of the test cells in the
single cell cycle stage provides a better assessment with
minimum noise/error contribution in the estimated results.31

The presence of the active S phase is associated with the higher
proliferation of AML cell populations with higher incorporation
of the BrdU signified presence or absence of DNA synthesis.48

The EPZ011989-loaded HSANPs promoting the G2/M phase
cell cycle arrest with a negligible active S phase population is the
basis of the antiproliferative potential. The cell cycle is one of the
measures of epigenetic inhibition besides the antitumor activity
of the chemotherapeutic drug; it minimizes the accumulation of
mutations and abnormal growth. The crosstalk of PRC2 and
cyclin-dependent kinases for the regulation of the cell cycle is
evident in hematologic malignancies, which further suggests
targeting EZH2 as a potential strategy for inducing tumor
suppression and inhibition of AML explicitly.49 The colony
formation assay measures the ability of the cells in culture to
grow and divide into groups and also provide an indirect
measurement of cell death. For the suspension cells that move
freely in the media, the colony forming ability determines the
ability to restrict the large-scale movement of the cells in solid
matrices (soft agar).50 Here, our results confirmed that
EPZ011989-loaded HSANP-treated U937 cells are not able to
generate and form colonies with underlying mechanism
supported by the effect of DZNep (EZH2 inhibitor) on in
vitro colony formation assays on soft agar, demonstrated to test
the sensitivity of AML cells with EZH2 loss-of-function
mutations.51 The exposure of cells to EPZ011989-loaded
HSANPs was associated with significant repression of cell
growth by a decline in the number of colonies as compared to
the control and drug and was supported well by the reported
results of the HSA−vorinostat complex, which inhibits the
colony proliferation capability of leukemic cells.33,52

To analyze the actual mechanism of AML cytotoxicity, we
evaluated the apoptosis induction by EPZ011989-loaded
HSANPs in AML cells in comparison to EPZ011989 and
placebo HSANPs. The EPZ011989-loaded HSANPs induce
apoptosis in most of the population. Both the JC-1- and MTT-
based assays are linked to the mitochondrial function and
provide two different response mechanisms based on the target
and measurement methodologies.53 The MTT assay measures
the metabolic activity as function of hyper metabolic and lower
metabolic cellular state that can be linked to the mitochondrial
enzyme activity. However, JC-1 measures the mitochondrial
membrane potential under stress, and it gets depolarized, which
can be linked with the opening of the mitochondrial transition
pore, generation of ROS, release of cytochrome c, and initiation
of the caspase 3-independent pathway of apoptosis.54 The
overall results suggested the activation of both caspase-
dependent and caspase-independent activation of the apoptosis
pathways exerting anti-AML activity.
As already reported, EPZ011989 treatment was more

sensitive to EZH2 inhibition in BAP1-mutant cell lines, both
in two-dimensional (2D) and 3D cultures.55 The use of drugs
targeting epigenetic modifiers or pharmacologic inhibition of
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EZH2 is a highly promising strategy in selected target diseases56

and may have potential benefits in the treatment of AML. The
downregulation of EZH2 expression in the leukemic cells
(U937) was evident in synovial sarcoma (Fuji and HS-SY-II),
and soft tissue sarcoma (SW982) cell lines against EPZ011989
treatment are already reported.57 Notably, for the first time, the
EPZ011989-loaded HSANP treatment in acute myeloid
leukemia demonstrated enhanced regulation with superior
sensitivity against EZH2. DLNP (EPZ011989-loaded
HSANPs)-mediated downregulation of EZH2, BMI-1,
H3K27me3, and H2AK119Ub and overexpression of caspase
3 indicated a mutual link between PcG complex activity and
apoptotic pathways. Mechanistically, EZH2 serves as a
methyltransferase and results in trimethylation of H3 at the
K27 position. Reported results showed that EZH2 knockdown
results in a significant decrease in cellular proliferation,
suggesting that epigenetic therapy targeting PcG machinery
and the development of drugs inhibiting trimethylation of lysine
27 on H3K27me3 can be an effective therapy.58 The
downregulation of PRC1 complex member BMI-1 post-DLNP
treatment suggested a mutual functional role of both complexes
in the silencing process. The PRC1 complex monoubiquitinates
H2A at the K119 position and directs it for silencing and is
evident that BMI-1 as the PRC1 component overexpressed in
acute myeloid leukemia patients contributes to leukemo-
genesis.16 The EPZ011989-loaded HSANPs exerted reduction
of PcG by regulating EZH2 directly and BMI-1 via indirect
mechanisms. Thus, our findings are consistent with observations
in other cell types and demonstrated that HSANPs as a drug
carrier triggers a superior control over PcG by mutually
downregulating both the PRC1 and PRC2 complexes.59−61

The protein ubiquitination is directed toward proteasomal
degradation and maintains the functional homeostasis of the
cells.62 The increased polyubiquitination of EZH2 and BMI-1
after DLNP exposure indicates superior targeting of the PcG
complexes by elicited proteasomal degradation. Remarkably, the
indirect downregulation of BMI-1 could be because of the fact
that EZH2-mediated reduced level of H3K27me3 at the
chromatin binding site avails minimum docking site for PRC1
subunit BMI-1 binding, thus triggering downregulation of the
alternative PRC complex. Further, the role of proteasomal
degradation machinery was confirmed by restored expression of
EZH2, BMI-1, H3K27me3, and H2AK119ub after MG132 and
DLNP cotreatment, indicating a crucial role of polyubiquitina-
tion and proteasomal degradation. In our results, increased
polyubiquitination of EZH2 and BMI-1 after EPZ011989-
loaded HSANP treatment indicates the novel targeting of the
PcG complexes by elicited proteasome degradation for AML
retardation.
The central role of transcription factor c-Myb has been shown

in the development and progression of AML, and c-Myb is
highly expressed in immature hematopoietic progenitor cells
and is required for definitive hematopoiesis and maintenance of
adult hematopoietic stem cell self-renewal.63 Most acute
myeloid and lymphoid leukemic cells overexpress c-Myb.64

Notably, c-Myb is another indirect target of EPZ011989-loaded
HSANPs, which is being investigated for the first time in the
context of nanoformulation-based targeting. Indeed, a reversal
of DLNP-responsive downregulation of the c-Myb protein was
restored after MG132 treatment, thus correlating the reduced c-
Myb expression with lower EZH2 levels. These results have
raised the possibility that inhibition of c-Myb might be able to

eradicate the leukemic cells and also provide a new c-Myb-based
therapeutic approach for the treatment of AML.
Furthermore, siRNA-mediated silencing of c-Myb expression

significantly downregulating the EZH2 expression and indicat-
ing the crucial functional interaction is for the first time reported
in this study, whereas the association of c-Myb with BMI-1 was
demonstrated in Z-181 and SUP-B15 cells.65 Moreover, crucial
interaction between EZH2 and c-Myb at the protein level
suggests that EZH2might be a direct c-Myb target. These results
indicate that expressions of c-Myb and EZH2 are functionally
related and the c-Myb-EZH2 pathway could play a role in
regulating the proliferation and survival of acute myeloid cells.
The regulation of the EZH2 gene and the central role of c-Myb
in hematopoiesis are further confirmed by chromatin
immunoprecipitation, concluding that c-Myb directly binds at
the EZH2 promoter site and thus regulating its expression. Our
results also represent the mechanistic similarity with the already
reported studies of the ETS transcription factor binding to the
EZH2 promoter in prostate cancer.41 In another study, STAT3,
a transcriptional factor, induced EZH2 activation by binding to
the specific Stat3 motif of the EZH2 promoter region.40

Altogether, these results suggest that expressions of c-Myb and
EZH2 are functionally related and the c-Myb-EZH2 pathway
plays a significant role in regulating the proliferation and survival
of AML cells. The promising antileukemic activity of
EPZ011989-loaded HSANPs revealed by the present study
also supports the fact that it is a potent inhibitor of c-Myb-EZH2
interaction and makes a new platform for the treatment of AML
by regulation of proliferation and survival of AML cells through
epigenetic machinery-mediated ubiquitination and proteasomal
degradation.
Considering the above-mentioned molecular mechanism, the

in vivo whole-body distribution in the BALB/c mice showed
initial systemic circulation and availability of DLNPs, followed
by major accumulation in the kidney and liver in later hours.
This reconfirms systemic and visceral clearance, and quantifi-
cation data have shown that they mostly accumulate in the
kidney and liver. The representative microscopic observations
have shown negligible toxicities in the heart, kidney, liver, spleen,
and brain tissue in comparison to the control group, implying
the low toxicity and excellent biocompatibility of EPZ011989
and EPZ011989-loadedHSANPs in vivo. Overall, these findings
suggest that EPZ011989-loaded HSANPs act as a potentially
promising therapeutic target for controlling polycomb ex-
pression in AML treatment and show excellent aqueous
dispersibility and biocompatibility with the in vivo system.
The in vivo therapeutic efficacy of EPZ011989-loaded HSANPs
was assessed in the xenograft model of AML in nudemice. Based
on the available data, this is the first study to demonstrate the in
vivo therapeutic relevance of EPZ011989-loaded HSANPs in a
nude xenograft model of AML. The FACS-based immunophe-
notyping of CD45+ myeloid cell and CD11b+ monocyte cell
populations remains the primary modality to diagnose AML. On
treating with EPZ011989-loaded HSANPs, the expression of
both markers decreased in blood and bone marrow samples,
showing the better efficacy of the nanoformulation in inhibiting
the proliferation and transformation by targeting EZH2. The
absence of spleen enlargement in EPZ011989-loaded HSANPs
in the AMLmodel indicated the controlled leukemic population
in the animal,66 and the histopathological assessment of the
hematoxylin and eosin (HE)-stained spleen sections showed
negligible morphological damage in nanoformulation-treated
animals. Moreover, the downregulation of EZH2 and c-Myb and
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overexpression of caspase 3 in isolated leukemic population
confirmed the in vivo efficacy of EPZ011989-loadedHSANPs in
the treatment of AML. Overall assessment of the therapeutic
efficacy on the in vivo AML model demonstrated newer
approaches of nanoformulation-based epigenetic targeting of
AML and great translational potential for AML therapy.

5. CONCLUSIONS
In summary, the prepared EPZ011989-loaded HSANPs
eliminate the solubility and stability problems associated with
free drug and trigger superior antileukemic activity via the
antiproliferative effect. Mechanistically, the downregulation of
EZH2 and indirect targeting of BMI-1 and c-Myb are
established as the basis of the collective epigenetically targeted
anti-AML activity. The ubiquitination and proteasomal
degradation attenuate the crucial interactions and cellular levels
of EZH2 and c-Myb proteins. The siRNA-based silencing of c-
Myb confers a lower expression of EZH2, confirmed for cellular
interaction at the protein level, which is further established as a
direct regulator that binds explicitly to the EZH2 promoter. In
addition to the mechanism of action, the present nano-
formulation has shown higher systemic compatibility with
negligible nonspecific toxicity. The reduced population of
leukemic cells (CD45+ and CD11b+) upon nanoformulation
exposure, confirmed for lower EZH2 and c-Myb protein levels,
demonstrated a novel therapeutic approach for epigenetic
targeted anti-AML therapy.
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